Continuous observation on an oscillator is known to result in quantum back-action which limits the knowledge acquired by the measurement. A careful balance between the information obtained and the back-action disturbance leads to a limit known as the standard quantum limit. The means to surpass this limit by modulating the measurement strength with the period proportional to half period of the oscillation has been proposed decades ago [1] [2] [3] . Such modulated or stroboscopic observation leading to a squeezed state of one quadrature of the oscillator motion with the quantum noise below that of the zero-point fluctuations has been a long-standing goal. Here, we report on the generation of a quadrature-squeezed state of an oscillator by stroboscopic back-action evading measurement. The oscillator is the collective spin of an atomic ensemble precessing in magnetic field. It is initially prepared in nearly the ground state with an average thermal occupancy number 0.08 ± 0.01. The oscillator is coupled to the optical mode of a cavity, and the cavity output field detected with polarization homodyning serves as the meter. A back-action-evading measurement is performed by stroboscopically modulating the intensity of the light field at twice the Larmor frequency, resulting in a squeezed state conditioned on the light-polarization measurement with 2.2 ± 0.3 dB noise reduction below the zero-point fluctuations for the measured quadrature. The demonstrated squeezing holds promise for metrological advantage in quantum sensing.
The Heisenberg uncertainty sets the limit of how precisely two non-commuting variables, such as the canonical position and momentum with the commutation relation [X 0 ,P 0 ] = i, can be specified simultaneously; however, there are no physical limitations on determining the value of an individual variable. For an oscillator with frequency Ω the position variable in the laboratory frame iŝ X =X 0 cos(Ωt) +P 0 sin(Ωt) whereX 0 ,P 0 are the rotating frame variables. Quantum states for which a canonical variable has reduced uncertainty with respect to the oscillator ground state, for example, Var(X 0 ) < 1/2, are called squeezed states (SS). Squeezed states for matter oscillators have been first demonstrated for motion of a single ion [4] and later for magnetic oscillators by electron-nucleous entanglement [5, 6] and by spin-spin interaction [7, 8] .
An intriguing approach towards generation of an SS in an oscillator is a stroboscopic quantum non demolition (QND) or back-action evading measurement proposed in [1] [2] [3] . If a meter is coupled to the oscillator with an interaction HamiltonianĤ ∝X and if the measurement strength is maximized at times t = 0, π/Ω, ...nπ/Ω the noise of the meter does not couple toX 0 and the readout of this QND measurement yields a SS of the oscillator with a degree of squeezing defined as ξ 2 = 2Var(X 0 ) < 1. Another version of this approach based on harmonic modulation of the measurement strength which works similarly to the stroboscopic measurement has been proposed in [9] . Previous attempts to implement this approach with a magnetic spin oscillator [10] and a mechanical oscillator [11] demonstrated reduction in the backaction noise but did not result in an SS due to the insufficient strength of the QND measurement compared to the decoherence caused by the environment. In a separate line of work back-action evasion has been demonstrated for a joint state of two oscillators [12, 13] . There a continuous QND measurement on both oscillators one of which has an effective negative mass has been shown to generate an entangled state of the two oscillators.
A key requirement for achieving the SS is that the decoherence due to interaction with the environment is reduced to the extent that the oscillator maintains its quantum state for the time longer than a QND measurement takes. Every decoherence event is linked with loss of information about the measured variable and with the decay to the ground or thermally excited state of the oscillator depending on the decoherence mechanism. In this work this requirement is met by firstly enhancing the rate of the optical QND interaction by placing the spin ensemble in an optical cavity, and secondly by placing the spins in a designed spin-protecting environment.
The oscillator used in this study is a collective spin of an atomic ensemble precessing in a bias magnetic field (Fig. 1a) . The collective spin components in the lab frame oscillate asĴ z/y = ±Ĵ z0/y0 cos(Ωt)/ sin(Ωt) ∓ J y0/z0 sin(Ωt)/ cos(Ωt). For a macroscopic spin orienta- tion J x along the magnetic field, the energy spectrum of the spin ensemble can be mapped onto that of a harmonic oscillator [6] with a resonance frequency set by the Larmor frequency of the spin precession (Fig. 1b,c) . Mathematically this is expressed through the HolsteinPrimakoff transformation [14] . Canonical position and momentum operators can be defined through the collective symmetric spin observables in the rotating frame
where it is assumed that the collective spin is well oriented, so that the population of the end state with the magnetic quantum number m F = −F is close to the total number of spins N at and hence the macroscopic quantity J x is treated as a number rather than an operator. The ground state of the harmonic oscillator corresponds to all atoms being in the F = 4, m F = −4 state and the absence of the ensemble coherence |4, −3 4, −4| (Fig. 1b) . The mean number of excitations above the ground state can be evaluated asn = Var(X) + Var(P ) − 1. An excitation with the creation operatorâ † = (X − iP )/ √ 2 corresponds to a quantum of excitation, also called a polariton, distributed symmetrically among all the atoms of the oscillator. The ground state of the oscillator belongs to the class of Coherent Spin States (CSS) characterized by Var(Ĵ y0 ) = Var(Ĵ z0 ) = J x /2 = N at F/2 [6] .
The quantum state of the spin-oscillator can be created and probed through interaction with a light field. In the limit of large probe detuning with respect to the atomic excited state hyperfine level (Fig. 1b) , the lightspin interaction can be approximated by the QND-type Hamiltonian: H int = 2(κ/ N ph )Ŝ zX , where N ph is the number of photons in the pulse of duration τ andŜ z is the probe light Stokes operator in the circular basis normalized so that for a coherent pulse Var(S z ) = N ph /(4τ ). The coupling constant κ characterizes QND interaction strength, which depends on the atom-light detuning, the excited-state linewidth and κ ∝ N at N ph ∝ √ d 0 η τ [6] , where d 0 is the resonant optical depth of the atomic ensemble and η τ is proportional to the fractional number of decoherence events during the measurement time [15] . For stroboscopic probing the relevant observable for the oscillator is the harmonic quadrature that evolves in phase with the modulation (chosen to be the cosine quadrature):x = (1/T D) dtX(t)φ(t) cos (Ωt), where T = 2π/Ω is the oscillator period, D is the duty cycle of the probe, φ(t) is a rectangular-pulse shaping function of unit amplitude, following the temporal evolution of the probe power, and the integration extends over one oscillator period. In the limit of zero duty cycle:x =X 0 . The measurement record is the cos Ωt Fourier component of the photocurrent integrated over the pulse length: S y,τ = τ 0 dtŜ y (t)u(t) cos (Ωt), whereŜ y is the Stokes operator in the linear basis measured with polarization homodyning as shown in Fig. 2 and u is a mode function of unit energy over the pulse length that weights the measurement data according to the decoherence rate (see below). The evolution of variances due to the Hamiltonian interaction is described by (for u = 1)[15]:
where the subscripts (in), (out) indicate operators at the start and end of the interaction respectively, B = 1 + sinc(πD),κ = κ √ B is the modified coupling constant, and C ∈ [0, 1] quantifies the coupling of the probe noise to the observable. It can be shown [15] that for a stroboscopic probe the back-action coupling constant is given by:
For a QND measurement C = 0, while for a continuous probing C = 1. In Eq. 1, the first term on the righthand side specifies the imprecision due to the quantum noise of the meter (shot noise of light), whereas the second and third terms describe the oscillator input noise and back-action noise, respectively. In the following, the measurement noise associated with the oscillator in photon shot noise units will be denoted collectively with Var(x m ) =κ 2 Var(x in ) + Cκ 4 3 + η τ , where η τ expresses the uncertainty increase due to decoherence. Conditionally on a QND (C = 0) realization ofŜ y,τ the oscillator evolves to a quantum state with reduced position noise: Var(x out |Ŝ y,τ ) = Var(x out ) − Cov 2 (x out ,Ŝ y,τ )/Var(Ŝ y,τ ), with Cov denoting the covariance. The quantum filtering then leads to conditional squeezing described by [15] :
where x 2 0 is the imprecision in the ground state (zero point fluctuations). The decoherence term signifies the importance of the large optical depth d 0 in achieving high degrees of squeezing, asκ 2 ∝ d 0 η τ . We achieve an enhancement of the effective d 0 by enclosing the spin oscillator in an optical resonator (Fig. 2) . Optimal squeezing can be achieved with an impedance matched cavity where the output coupler transmission T out ≈ L, where L is the round-trip intensity loss [15] .
The spin oscillator is realized in room-temperature, optically-pumped Cesium atoms, contained in a glass cell microchannel, 300µm × 300µm in cross section and 1 cm in length. An alkene coating [16] deposited at the inner cell walls dramatically suppresses spin-relaxation due to the wall collisions. Atoms bounce off the walls and cross the optical mode cross section with the waist of 55 µm approximately 5 × 10 3 times before their quantum spin state decoheres in 10 msec due to wall collisions. The atom-atom collision rate at the low Cs pressure used here is negligible. As the typical light pulse duration of ≈ 2 msec is much greater than the atom transient time of ≈ 1.5 µsec and the oscillator period (typical Ω ∼ 380 kHz) the thermally moving atoms cross the optical mode many times in the same state and hence the detected optical mode couples to the symmetric spin mode (equivalently to the oscillator positionX). We emphasize that the thermal motion of the atoms does not affect the oscillator temperature, which is determined by the spin distribution. The microcell is placed inside a standing wave optical cavity with a finesse F ≈ 17, the single-pass losses in the cell windows of 6.5% and the output coupler transmission of 80%, which is close to the optimal value T out ≈ L. The cavity is kept on resonance with light using the Pound-Drever-Hall technique. The number of atoms in the F = 4 hyperfine ground state coupled to the light field (Fig. 1b) has been adjusted within the ∼ 10 7 − 10 8 range by changing the cell temperature (typically ∼ 26 o C) and optical pumping for the maximal QND interaction strength. The frequency of the oscillator can be tuned with B 0 .
An acousto-optic modulator is used to stroboscopically modulate the intensity of the probe beam at twice the Larmor frequency. The experiment was operated with ≈ 15% stroboscopic duty cycle, with probe wavelength blue detuned by 1.6 GHz with respect to the D2 transition [15] . TheŜ y,τ operator is measured by balanced polarimetry and lock-in detection. The data are weighted with an exponential mode function: u(t) ∝ e ±γt , where γ is the decoherence rate in the presence of the probe. The exponential falling mode function is used to assess the measured noise, except for the squeezing investigation where the first pulse measurement is defined with a rising mode (see Fig. 2b ). To collect statistics for the variance estimation, each measurement is repeated ∼ 2 × 10 4 times.
The atoms of the magnetic oscillator are initialized by optical pumping in a state close to the ground state. The initial state variance is calibrated against a measurement of the noise in the thermal state of the atomic ensemble obtained with unpolarized spins. The measured spin variance of unpolarized atoms ∝ N at F (F +1)/3 can serve as a robust reference for the spin noise in the coherent end state ∝ N at F/2 [5, 10] , since the former is insensitive to classical fields and probe-induced noise. In Fig. 3a the oscillator noise variance in the state prepared by optical pumping is plotted as a function of the atomic density. The observed linear scaling indicates a quantum-limited performance and a QND character of the measurement. In the inset the ratio of the measured variance to the calibrated zero point imprecision is shown to be ∼ 1.16. The increased measured variance in the initial oscillator state is due to the imperfect optical pumping, which leads to a finite oscillator temperature corresponding to thermal occupationn ≈ (8 ± 1) × 10 −2 . The occupation probability distribution among the Zeeman levels can be found from the magneto-optical resonance signal [17] (see Fig. 3 in [15] ). Assuming a spin-temperature distribution, it is found that after optical pumping ∼ 98% of the atoms are in the end state |F, m F = |4, −4 , with ∼ 2% occupation probability for the |F, m F = |4, −3 state, and negligible probabilities for the other states. This is consistent with the 16% increase of the measured variance compared to the ground state noise.
It is instructive to compare decoherence and thermalisation properties of the magnetic oscillator and mechanical oscillators. For the former oscillator initialized in the ground state (fully polarized spin),n(t) ∝ f (F )e t/T1 − 1 in the range of t ≤ T 1 where T 1 is the population life time (∼ 10 msec) and F/2 ≤ f (F ) ≤ (F + 1)(2F + 1)/2 in the present case. The thermalisation time T th =
T1kB
T Ω is at least six orders of magnitude greater than T 1 . For mechanical oscillatorsn(t) ∝n bath e t/T th ≈n bath at t ≈ T th where the thermalisation time can reach at best a second in state-of-the-art experiments. This comparison illustrates the difficulty of quantum state preservation without cryogenic environment for mechanical oscillators [18] in comparison to magnetic spin oscillators.
The QND character of the measurement is demonstrated in Fig. 3b , where the measured variance of the oscillator is plotted as a function of the number of the probe photons in the pulse. For a continuous probe (100% duty cycle), the imprecision in units of zero point fluctuations increases with the number of photons in the pulse. In contrast, for a stroboscopic probe with a small duty cycle (∼ 15%) the noise remains nearly independent of the pulse strength over the measured range. The demonstrated reduction of probe back-action is more than 10 dB compared to a continuous probing of the oscillator.
To study the generation of squeezed oscillator states, two QND pulses are employed: the first provides information about the oscillator observablex, and the second pulse evaluates the observable variance conditioned on the first measurement (see Fig. 2b ). In Fig. 4 the reduction in conditional variance compared to the zero point imprecision is plotted as a function of the number of photons in the first pulse, for a fixed photon number in the second pulse N ph,B ≈ 27 × 10 7 . The squeezing increases with the photon number in the pulse until the point where decoherence induced noise compensates for the reduction in uncertainty by measurement. The observed conditional variance is up to 2.2 ± 0.2 dB below the ground state noise. Along with the dominant contribution of QND measurement to the degree of squeezing, a smaller contribution is due to the interaction nonlinear in the spin variables (see [15, 19] for the effect of the second-rank tensor polarizability). The demonstrated noise reduction indicates the metrological advantage of the created state [20] .
In summary, we have demonstrated a squeezed state of an oscillator generated by a stroboscopic QND measurement. It has been made possible by implementing optical cavity-enhanced QND interaction and by utilizing a long lived spin oscillator with room temperature atoms contained in a spin protecting microcell. The techniques developed in the paper will be useful for quantum metrology and sensing, as well as for generation of entanglement between disparate oscillators [21] .
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LIGHT-ATOMIC SPIN INTERACTION
In this section we give a brief overview of the interaction between the light and spin atomic ensembles. We derive simple input-output equations describing the evolution of the light-oscillator system and relate the coupling constant to experimental parameters.
In the limit of low saturation parameter (
where χ is the Rabi frequency, ∆ the probe detuning from the atomic resonance and Γ is the FWHM homogeneous broadening of the electronic transition) the coherent interaction of light with atomic spin can be written in the form of a polarizability Hamiltonian [S1, S2] (throughout this letter we take = c L = 1, with c L being the speed of light):
where λ the wavelength of atomic transition, A is the cross-sectional area of interaction, Φ is the photon flux,ĵ x,y,z are the components of the dimensionless atomic spin (sum of nuclear and electron spin), a 0,1,2 are the detuning dependent scalar, vector and second-rank tensor polarizabilities respectively. For the Cesium D2 transition (6 2 S 1/2 → 6 2 P 3/2 ) from the F = 4 hyperfine manifold of the ground state, the polarizabilities are given by (see Fig. S1 ):
where ∆ i5 is the frequency spacing between the F ′ = i and the F ′ = 5 excited states and ∆ is the light detuning from the F = 4 → F ′ = 5 transition (∆ is negative for blue detuning). In Eq. S1 the operatorsŜ x,y,z are the polarization Stokes components of light and can be described in terms of creation (annihilation) operators of the light field in the transverse polarizations. Assuming light propagation along the z direction:
where the raising and lowering field operatorsâ † x,y ,â x,y are defined so that in the vacuum state â(t),â
is the flux of photons at time t. The operatorŜ z measures the light polarization in the circular basis, whereasŜ x,y measure the polarization in complementary linear basis and are normalized so that for a coherent field linearly polarized in the x direction:
In describing polarization spectroscopy, the scalar part of the Hamiltonian can be neglected, since it does not affect the evolution of atomic spin and the Stokes operators. For detunings much larger than the hyperfine splitting of the excited state |∆| ≫ (∆ 25 , ∆ 35 , ∆ 45 ): a 2 → 0. When the light interacts with an ensemble of N at atoms, all prepared in the same state and coupled with the same strength to the light mode, the coherent interaction of a light pulse of duration τ with the ensemble can be described in the limit of large detuning with the Hamiltonian: whereĴ z and J x refer to the ensemble collective spin components and N ph = Φτ is the number of photons in the pulse.
Room-temperature atomic ensembles may introduce two complications concerning the interaction Hamiltonian: Doppler broadening and thermal motion in and out of the beam. For the experiment of this work, the detuning (|∆| = 1600 MHz) was much larger than the Doppler width (∆ν D ≈ 200 MHz), so that the Doppler broadening has a small effect on the observed noise; this can also be seen from the fact that for a detuning much larger than the Doppler broadening the Voigt profile of the atomic line approximates a Lorentzian. Similarly, for the experimentally relevant time scales of the atomic state evolution the thermally moving atoms cross the beam many times and the effect of motion averages out [S3] . In this case, A in Eq. S8-S9 refers to the cross sectional area of the atomic cloud.
In the following, we will assume coherent linearly polarized light field in the x direction probing a highly polarized atomic ensemble experiencing a DC magnetic field B 0 along the x direction. For highly polarized atomic ensembles, the transverse collective spin components can be mapped to canonical position and momentum variables of an oscillator:
The ground state of the oscillator corresponds to the coherent spin state of maximum spin in the x direction; in this state X 2 0 = P 2 0 = 1/2. Neglecting retardation effects in the light propagation and assuming without loss of generality |J x | = J x , the Hamiltonian evolution ofX ∝Ĵ z andP ∝Ĵ y are described by the following equations [S4] :
where Ω is the Larmor angular frequency Ω = γ g B 0 , with γ g being the atomic gyromagnetic ratio and β is a parameter defined by:
Due to the Hamiltonian interaction with the atomic ensemble theŜ y light operator evolves as:
where the (in), (out) superscripts denote the input and output of the ensemble.
STROBOSCOPIC SQUEEZING
In this section, we will estimate the squeezing that can be realized using stroboscopic probing of the oscillator. Initially, decoherence will be neglected (we will assume only Hamiltonian dynamics); the effect of decoherence will be considered at the end of the section. In the Hamiltonian dynamics, we will neglect the effect of second rank polarizability.
We consider the experimentally relevant case of linearly polarized probe beam in the y direction, with stroboscopic intensity-modulation at twice the spin oscillator frequency; the Stokes elementŜ out y is detected and the Fourier component cos(Ωt) is measured by a lock-in amplifier. In this way, the atomic-ensemble variable that is measured iŝ X(t) integrated over one oscillator cycle and weighted with a cosine wave (from the lock-in amplifier demodulation) and a pulse-shaped function from the stroboscopic modulation of the probe:
where k is an integer number (k ∈ N), T = 2π/Ω is the oscillation period and the stroboscopic function φ(t) with duty cycle D is given by (see Fig. 2 (b) in [S5] ):
The variable φ(t) is defined so that the overlap with the lock-in cosine quadrature is maximized. The position variablê p(kT ) can be defined in the same way as in Eq. S15 by replacingX withP . The squeezing ξ 2 0 realized after a measurement time τ = N m T , with N m ∈ N being the number of complete oscillation cycles in the measurement, is given by:
where Var x 0 is the noise in the ground state of the oscillator (coherent spin state of maximum spin component along the x direction) andŜ out y,τ is the polarimetry measurement record. For the experiment of this work (large number of atoms and photons),x(t) andŜ out y,τ can be considered as Gaussian variables. Therefore, the conditional variance in Eq. (S17) can be written as [S3] :
Ground state imprecision
In the oscillator ground state:X(t) =X 0 cos(Ωt) +P 0 sin(Ωt), with Var X 0 = Var P 0 = 1/2, so that:
Measured Polarimetry noise
For simplicity, we will consider no weighting of the data with a mode function. The measurement record:Ŝ out y,τ = τ 0 dtŜ out y (t) cos(Ωt) can be written in the form:
where the bar denotes average over the oscillator period. The first sum in Eq. S20 leads to the photon shot noise, while the second sum has the information about the oscillator state.
Since there are no correlations between the light at the input of the ensemble (Ŝ in y ) and the oscillator:
The correlation related to the photon shot noise of light is:
with δ being the Kronecker delta andΦ the average photon flux over the oscillator period. The variablex(kT ) can be written as the sum of two uncorrelated contributions:x(kT ) =x in (kT ) +x BA (kT ), with x in (k 1 T )x BA (k 2 T ) = 0, ∀k 1 , k 2 . The termx in (kT ) is related to the initial (before the interaction with the probe light) quantum state of the oscillator, which is assumed to be the ground state:
The termx BA (kT ) gives rise to the noise that describes the coupling of the quantum probe noise to the measured variablex:x
It can be shown that:
where K is a numerical factor of order unity. Here, we will consider the case where we are measuring over many cycles, so that K ≪ N m . In this case, the measurement variance is:
where the effective coupling constant is:κ
Conditional variance of the oscillator observable
The covariance between the quantum observable at the end of the measurement (x(N m t)) and the measurement record (Ŝ out y,τ ) is:
The unconditional variance ofx(N m t) is:
≈ Var x 0 1 +κ
From Eqs. S18, S29, S31 and S33, we get:
Squeezing
Combining Eqs. S17 and S34 we find that the squeezing is given by:
In the limit of zero duty cycle (D → 0):
. So far, it has been assumed that the oscillator does not experience any decoherence. The presence of decoherence results in reduction of the realized squeezing [S3] :
where η τ scales with the decoherence events during the measurement time τ and depends on the decay mechanism. The decoherence can be linked to the light-probe, or it can be associated with coupling to a bath present even in the absence of the probe (e.g. coupling to the thermal phonon bath of a mechanical oscillator, or spin decay in the dark for a spin oscillator). In [S6] exact relations for the probe induced decoherence and associated noise have been derived for the case of a spin oscillator. It is shown there that the probe induced noise can be written as:
where ζ is a numerical factor of order unity that depends on the probe polarization and the light-atom detuning, and d = n at σ 0 l is the optical depth on resonance, with n at being the atomic density, σ 0 the absorption cross section on resonance and l the length of the cell.
CAVITY ENHANCEMENT OF SPIN SQUEEZING
We consider a standing wave cavity with input (output) mirror power transmission coefficient T in (T out ), roundtrip intracavity power loss L and atomic single-pass absorption α. For high Finesse (F ≫ 1), the cavity power transmission coefficient on resonance is: 4T in T out /(T in + T out + L + 2α), which in the limit of 2α ≪ (T in + T out + L) can be written as:
is the cavity Finesse. The single pass atomic absorption α is enhanced by the cavity by the factor 2F /π. From Kramers-Kronig relations the atomic phase shift, and therefore the polarization rotation angle, is enhanced by the same factor.
Effectively, the cavity modifies the input-output relations Eq.S11-S14 by enhancing the light-matter coherent interaction by 2F /π. If κ 0 is the coupling constant in the absence of cavity, then for the same number of detected photons in the pulse the cavity-enhanced coupling constant is:
for the conditional squeezing (in the absence of decoherence) should be modified accordingly. The realized squeezing is limited by the noise due to decoherence events. The probe-induced decoherence noise is proportional to the intracavity light-power experienced by the atomic ensemble P in , which is related to the power at the output of the cavity (P out ) through: P out = P in (2/T 2 − 1), where T 2 is the output mirror coupler power transmission (see Fig. S2 ). For a standing wave cavity, maximum squeezing is achieved for T 1 ≪ T 2 , so that the quantum light field generated inside the cavity from the interaction with the atoms has very small losses to the unobserved direction. Assuming only probe-induced decoherence and for T 1 ≪ T 2 ≪ 1, ξ 2 can be written in the form: where η 0 is the decoherence noise due to the light-probe in the absence of the cavity. For small but finite intracavity losses, optimizing with respect to the number of photons in the light pulse and the output coupler transmission, the squeezing is:
which is realized for T 2 = L. From the above equation, it can be seen that the presence of the cavity effectively enhances the optical depth by F /(2π).
EFFECT OF SECOND RANK POLARIZABILITY
Equations S11-S14 describe the oscillator-light system evolution in the limit of zero second-rank tensor polarizability: a 2 → 0. More complete equations, including the second-rank tensor polarizability effect, have been derived in [S2] . It can be shown that the Hamiltonian evolution of the spin-oscillator can be approximated by:
where for the Cs spin oscillator of the experiment: w = 14a 2 /a 1 , and the dissipation rate γ sw , associated with the coherent interaction of the collective atomic ensemble spin with the light, is given by:
The parameter γ sw can either be negative or positive depending on the polarization direction of the linearly polarized probe light. In the experiment, a linearly polarized light in the y direction was employed, resulting in γ sw being positive. The effect of second rank tensor polarizability on the measured probe light Stokes componentŜ out y can be neglected to first order in w [S2] , and Eq. S14 does not need to be modified:
Through the interaction parameterized by a 2 , noise inŜ in y couples into the measured observablex even in the limit of zero duty cycle. However, this back-action noise is suppressed by w 2 compared to the back-action noise arising from the vector polarizability Hamiltonian. The data presented in this work were acquired with a probe detuning ∆ = −1.6 GHz, leading to w 2 < 10 −2 , so that the effect of tensor polarizability in the back-action noise can be ignored (its value is on the order of the back-action noise due to the finite duty cycle of the stroboscopic measurement).
It can be seen from the Eq. S41 that the tensor polarizability dynamics can result in noise suppression for positive γ sw (the case of our experiment). This dissipative interaction can be used to generate unconditionally squeezed states and steady state entanglement [S7, S8] . In the experiment, second-rank tensor polarizability dynamics lead to small but finite reduction in the oscillator noise (see discussion about Fig. S4 ).
EXPERIMENTAL SETUP
The Cesium atomic ensemble is contained in a glass cell microchannel, shown in Fig. S1 (b) filled with Cs vapor and with the walls covered with an alkene coating [S9] . The cell is enclosed in a larger glass container. The longitudinal spin lifetime is T 1 ≈ 17 ms and the transverse spin lifetime is T 2 ≈ 10 ms in the absence of light fields. The cell temperature (and the atomic density) can be regulated by using electrical heating. The microcell is placed inside a standing wave optical cavity consisting of two concave mirrors. A mirror with R 2 = 80% reflectivity in intensity is used as the output coupler, while the input coupler has a much higher reflectivity: R 1 > 99.7% in intensity. The cavity is locked on resonance by a Pound-Drever-Hall technique, applying a 10kHz modulation to the piezoelectric transducer. A digital PI controller, which incorporates feed-forward techniques, is employed to lock the cavity on resonance. The curvature (radius r = 110 mm) and the separation of the mirrors are chosen so that the resulting cavity mode has ≈ 110 µm waist diameter. This mode has small clipping losses in the cell, and allows for efficient coupling to the atomic ensemble. Due to the small clipping losses in the cell the cavity mode is Gaussian to a good approximation. The cavity Finesse is F ≈ 17, with a FWFM linewidth ∆ν ≈ 40 MHz.
Optical pumping of the ensemble is realized with circularly polarized pump and repump light fields resonant with the D1 and D2 atomic transition respectively (see Fig. S1(a) ). The repump light effectively transfers population from the F = 3 hyperfine manifold to the probed F = 4 manifold of the ground electronic state. The pump light field creates high degree of spin orientation in the F = 4 manifold.
CHARACTERIZATION OF EXPERIMENTAL PARAMETERS Atomic Orientation
The atomic polarization can be estimated by mapping the RF resonance at large magnetic fields, where the nonlinear Zeeman effect splits the magnetic resonances. A RF pulse, short enough so that the Fourier spectrum is approximately flat over the frequency range of the Zeeman resonances, is applied at the end of the pumping pulse and the spin evolution is monitored with a weak probe. In Fig. S3 the RF resonance (Fourier transform of the spin response to the RF pulse) is plotted for two different degrees of spin orientation. Under the assumption of spin temperature distribution [S10] , which maximizes the entropy under the constraint of a given spin orientation, the spin ordination can be estimated by fitting the experimentally observed data to the model described in [S11] . We note that for a weak probe the main spin-relaxation mechanism comes from the collisions with the walls of the cell and magnetic field gradients, so that a common relaxation rate for the ground state coherences can be assumed.
In order to estimate the fraction of atoms in the F = 3 manifold due to imperfect optical pumping, the spin responses to short RF field resonant to the F = 3 manifold Zeeman frequency in the cases of optical pumping phase with and without the repump light field are compared. We note that Cs has different gyromagnetic ratios in the two ground state manifolds resulting in different Larmor frequencies. In the absence of repump light during the pumping interval, the pump light depopulates almost completely the F = 4 manifold creating orientation in the F = 3 manifold. For this measurement, the probe wavelength is tuned to be mostly sensitive to transitions from the F = 3 manifold. It is estimated that less than 5% of the atoms remain in the F = 3 manifold after the optical pumping in the experiment, so that for the prediction of the measured uncertainty in the oscillator ground state approximately all atoms in the ensemble should be considered.
Number of atoms in the ensemble
The number of atoms in the cell can be determined from the Faraday optical rotation of a linearly polarized probe traveling through the atomic ensemble that has been polarized along the light propagation direction. For a fully polarized ensemble (no atoms in the F = 3 manifold and 100% orientation in the F = 4 manifold), the number of atoms N at is related to the Faraday angle θ F by the equation:
The atomic density can be also characterized by optical absorption spectroscopy. Typically, the agreement on atomic density between the Faraday angle measurement and the optical absorption spectroscopy is ∼ 30%. In Fig.3(a) of [S5] , the number of atoms was calibrated against a response to a RF field for the polarized atoms and independently by a spin noise measurement for the unpolarized atoms. The atomic response to a RF field much shorter than the spin coherence time is ∝ N at for a fixed spin orientation, so that by monitoring the relative response to a given RF field the relative number of atoms can be found. Similarly, the spin noise of atoms in the thermal state (where no probe back-action occurs) scales proportionally to the number of atoms.
Photon shot noise level
The photon shot noise level can be estimated from a polarimetry noise measurement when the oscillator frequency is tuned away from the lock-in detection bandwidth. The noise associated with the spin-oscillator has a Lorentzian power spectrum centered at Larmor frequency with width set by the decoherence rate; therefore if the oscillator frequency is set many line-widths away from the lock-in bandwidth, the oscillator noise is filtered out and the measurement noise only depends on the probe light noise of white spectrum. The oscillator frequency can be tuned by changing the bias magnetic field. The probe noise is verified to scale linearly with the power as expected for the photon shot noise power.
Electronic noise and detection losses
The photodetector electronic noise is at the level of ∼ 10% of the photon shot noise for the power used in the squeezing experiment. The detection efficiency of the light field at the output of the cavity is ∼ 0.85, limited mainly by the detector quantum efficiency.
Ground state noise
The ground state noise is calibrated against a measurement in the thermal state of the atomic ensemble. Including decoherence, but neglecting change in the spin variance (e.g. due to loss of atoms from depumping into the F = 3 manifold), the two-time spin correlation can be written in the form:
, where γ is the decay rate and J 2 z is the variance in the spin state. It can be shown that the cos (Ωt) component of the S out y measurement over time τ , weighted by the exponential mode function u(t) ∝ e −γmt , is given (in the absence of back-action) by:
which for γ m = ±γ reduces to:
where PSN τ is the photon shot noise (variance) contribution to the measurement noise, estimated by:
withŜ out y being the polarimetry output when the oscillator frequency is detuned away from the lock-in bandwidth. In the thermal state, where no back-action occurs, the spin variance is: Ĵ 2 z | th =
2F +1
4F N at F (F + 1)/3, where F = 4 is the total spin in the probed manifold, N at is the total number of atoms in the ensemble and the factor (2F + 1)/(4F ) is the fraction of atoms in the F = 4 manifold. We note that in the experiment described here, the contribution of atoms in the F = 3 manifold to the thermal spin noise measurement is estimated to be < 3%. The ground state of the oscillator corresponds to the coherent spin state of maximum J x = N at F , leading to Ĵ 2 z = N at F/2. Assuming the same decoherence rate for coherent and thermal states, we find that the contribution of a magnetic oscillator in the ground state with J x = N at F/2 to the measured noise is given by (in units of PSN τ ) :
There is a small discrepancy in the decoherence rate and the loss rate of atoms due to the probe scattering for the coherent and thermal rates; for the timescales of the experiment, the effect of this difference is estimated to be < 10%.
SQUEEZING
In order to study squeezing, a scheme with two successive pulse measurements is employed (see Fig. 2 (b) in [S5] ). The first measurement is described by:
while the second measurement is:q
An exponentially rising (falling) mode is used for the first (second) pulse to moderate the effect of decoherence which reduces the correlations between the pulses. The measurement noise associated with the oscillator state is extracted by subtracting the photon shot noise for the same pulse duration (PSN A,B ) from the measured noise; normalized to the photon shot noise variance the measured oscillator noise is:
Var(x m,B ) = Var(q B ) PSN B − 1 , The conditional variance Var(x m,B|A ) effectively evaluates the oscillator position noise in the state filtered out by the first measurement. The realized squeezing is determined by the measurement strength in the first pulse; in Eq. S35 and Eq. S36 the relevant coupling constant κ is associated with the first measurement. In Fig. S4 the oscillator noise in the first and second pulse, conditionally and unconditionally to the first measurement, are plotted as a function of the number of photons in the first pulse N ph,A . In the experiment, the probe power averaged over an oscillator period is maintained constant and the duration of the first pulse (τ A ) is varied. The duration of the second pulse is fixed to 0.5 ms, which corresponds to ∼ 27 × 10 7 photons. The expected noise for the ground state of the oscillator (denoted by the subscript 0) is also plotted for comparison. Due to the correlation between the first and the second pulse, the conditional variance of the second pulse is significantly reduced below the position imprecision in the oscillator ground state, leading to squeezing. The data in Fig. S4 indicate an additional squeezing mechanism unrelated to the information gain by measurement, since the unconditional noise for both the first and second pulse drops below the ground state uncertainty. This kind of squeezing is due to the second-rank tensor polarizability dynamics.
In Fig. S5 (a) the conditional noise is evaluated with respect to the measured unconditional imprecision. A comparison of the data in Fig. S5(a) with those in Fig. 4 of [S5] indicates that the realized degree of squeezing is dominated by the information gain through the QND measurement.
In evaluating the squeezing degree, the measured variance is normalized to the macroscopic spin component J x at the end of the first pulse:ξ 2 = Var(x m,B|A )/ (Var(x m,B )f d ), where f d = J x (τ A )/(4N at ) accounts for the reduction of the mean spin during the first measurement. The same correction factor f d is used to estimate the squeezing in Fig. 4 of [S5] . The reduction of the mean spin J x is characterized by an independent measurement of the response to an external coherent perturbation. The probe pulse of duration τ A , applied after the optical pumping phase, is followed by a resonant RF excitation pulse, much shorter than the decoherence time, and the response, which is proportional to the mean spin J x , is recorded.
In Fig. S5 
